Abstract Constraining the continental silicon cycle is a key requirement in attempts to understand both nutrient fluxes to the ocean and linkages between silicon and carbon cycling over different time scales. Silicon isotope data of dissolved silica (δ 30 Si DSi ) are presented here from Lake Baikal and its catchment in central Siberia. As well as being the world's oldest and voluminous lake, Lake Baikal lies within the seventh largest drainage basin in the world and exports significant amounts of freshwater into the Arctic Ocean. Data from river waters accounting for~92% of annual river inflow to the lake suggest no seasonal alteration or anthropogenic impact on river δ 
Introduction
Silicon isotope geochemistry ( 28 Si, 29 Si, and 30 Si) represents a growing field by which to constrain the global silicon cycle. The global silicon (Si) cycle is essentially characterized by two subcycles: the continental and oceanic silicon cycles, which are connected via regional river systems. Continental silicate-rock chemical weathering is responsible for the release of silicon into its dissolved phase (DSi), as orthosilicic acid (Si(OH) 4 ). DSi from soil solutions is ultimately precipitated into amorphous silica in plant tissue (phytoliths) or, via its transportation in rivers and lakes, by diatoms and sponges. The supply of DSi to the oceans by rivers plays a fundamental role in global biogeochemical cycling (dominated by siliceous phytoplankton; diatoms), which is responsible in part for the regulation of atmospheric pCO 2 [Tréguer and Pondaven, 2000] .
Over the past decade a growing number of studies have employed δ 30 Si DSi methods in locations including the Amazon , Congo [Cardinal et al., 2010; Hughes et al., 2011a] , Ganges [Fontorbe et al., 2013; Frings et al., 2015] , Icelandic Rivers [Georg et al., 2007; Opfergelt et al., 2013] , Nile [Cockerton et al., 2013] , Okavango Delta [Frings et al., 2014a] , Tana [Hughes et al., 2012] , Yangtze [Ding et al., 2004] , and Yellow [Ding et al., 2011] drainage basins. Results from these have highlighted the close interactions between aquatic productivity and silicon cycling in both soils, vegetation, and other aboitic processes. However, relatively few have examined holistic changes in the terrestrial silicon cycle, despite the role these systems play in regulating silicon transportation into the ocean [Tréguer et al., 1995; Conley, 2002; Opfergelt and Delmelle, 2012; Tréguer and De La Rocha, 2013; Conley and Carey, 2015; Frings et al., 2016] . A recent review by Frings et al. [2016] addresses the extent to which variability in DSi transport over glacial and interglacial time scales, as a response to changes in climate, terrestrial vegetation type/cover, and hydrology [Georg et al., 2006a; Street-Perrott and Barker, 2008] , can be propagated to the ocean record [Frings et al., 2016, and examples therein] . Such implications are particularly noted for large river reaches, where the effects of anthropogenic impacts and/or climate change can be notable. Here we present a detailed spatial study of the Lake Baikal catchment, in central Siberia, in order to examine the effects of some of these issues (namely, catchment responses to climate warming and nutrient loading to the lake) upon long-term, and seasonal, nutrient (DSi) availability in the water column. We outline the rational for this research below.
An Introduction to Lake Baikal
Situated in one of the most continental regions of the world in central Siberia (Figure 1 ), Lake Baikal (103°43 0 -109°58 0 E and 51°28 0 -55°47 0 N) is the world's oldest, deepest, and most voluminous lake containing one fifth of global freshwater not stored in glaciers and ice caps [Gronskaya and Litova, 1991; Sherstyankin et al., 2006] . Accordingly, the system is a major freshwater resource with its outflow ultimately entering the Yenisei River, the largest riverine inflow to the Arctic Ocean. Divided into three basins (south, central (including Maloe More), and north), separated by the Buguldeika Ridge running north-easterly from the shallow waters of the Selenga Delta and the Academician Ridge, respectively (Figure 1 ), the lake is characterized by a the high degree of endemic biodiversity [Timoshkin, 1997] . This endemicity has been attributed to the Table 3 . All site locations correspond to data presented in Tables 1-3. Figure was generated by using QGIS Development Team [2016] with data sets derived from Digital Chart of the World [2007] , Swiercz [2007] , and Wessel and Smith [2007] .
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lake's age and fully oxygenated water column, driven by seasonal overturning and deepwater renewal [Weiss et al., 1991; Shimaraev et al., 1994; Wüest et al., 2005] .
While overturning sustains a deepwater fauna that is almost entirely endemic to the lake [Fryer, 1991] , the process also provides an important means of returning nutrients to the surface water [Callender and Granina, 1997] . This is a key driver in lake biogeochemical cycling which starts annually with under-ice diatom blooms in spring when ice/snow thickness permits photosynthesis [Straškrábová et al., 2005; Jewson et al., 2009] . The availability of DSi is a critical factor in regulating productivity including the formation of diatom frustules [Martin-Jézéquel et al., 2000] , which alongside picoplankton, dominate primary productivity in the lake. In instances of DSi limitation (unlike nitrogen and phosphorous), diatom cell wall formation is incomplete, cell division is impeded and the period of growth reduced [Martin-Jézéquel et al., 2000] .
While waters in Lake Baikal have a residency time of 377-400 years [Gronskaya and Litova, 1991] , the residency time of DSi is shorter at 100-170 years [Falkner et al., 1997; Shimaraev and Domysheva, 2004] due to biomineralization. Indeed, DSi residency in Lake Baikal can decrease by a factor of 5 when diatom productivity is increased [Shimaraev and Domysheva, 2004] or even be exhausted in summer surface waters following exceptionally high diatom blooms [Jewson et al., 2010] . As such, the flux of DSi to the mixed layer (defined here as the surface), dominated by fluvial inputs to the lake and the upwelling of deepwater masses, plays a key role in maintaining Lake Baikal's unique ecosystem.
Here we use records of dissolved silicon and its silicon isotope composition (δ
30
Si Dsi ) to understand and model the transportation and fate of silicon through its dominant river tributaries and within biogeochemical cycling in Lake Baikal itself. With clear evidence for global anthropogenic perturbation of the continental silicon cycle [Laruelle et al., 2009] and evidence of activities including urbanization, deforestation, agriculture, and mining around the lake [Ciesielski et al., 2006] , there is also an urgent need to assess whether rivers, flowing into Lake Baikal, show alterations related to major conurbations and/other anthropogenic activity. The necessity for such work is emphasized by increasing evidence that the hydrology, chemistry, and biology of Lake Baikal are altering in response to a warmer climate [Shimaraev and Domysheva, 2013; Izmest'eva et al., 2016] . Summer lake surface water temperatures have increased 2.4°C over the past~60 years [Hampton et al., 2008; Shimaraev and Domysheva, 2013] in tandem with evidence of later ice on and earlier ice off periods, particularly in the lake's southern basin [Todd and Mackay, 2003; Hampton et al., 2008] . The effect of these two parameters has been to alter the thermal structure of Lake Baikal, which in turn has changed the spatial patterns of phytoplankton biomass across the lake Hampton et al., 2014] . The knock on effect of these trends, upon nutrient availability in the surface water column and the progression of diatom bloom development (via the mechanisms outlined above), has to date not been quantitatively assessed.
1.2. Characteristics of DSi Supply in Lake Baikal 1.2.1. Mixed Layer DSi Supply From Riverine Inputs The catchment around Lake Baikal extends to an area of over 540,000 km 2 containing more than 350 rivers.
These rivers play a key role in determining the hydrology and geochemistry of the lake by delivering~83% of all water that enters the water column, with the remainder originating from direct precipitation and groundwater inflow [Shimaraev et al., 1994] . Input, however, is strongly dominated by the three largest rivers with the Selenga River, extending southward into Mongolia, and the Upper Angara and Barguzin Rivers, draining the north of the catchment, contributing approximately 62%, 17%, and 8% of riverine inputs, respectively [Seal and Shanks, 1998] (Figure 1 ). Similarly, water loss from the lake is dominated by riverine flow with~81% lost via the Angara River, the only outflow from the lake, and~19% via evaporation [Shimaraev et al., 1994] .
The extreme continentality of the region exerts a major control on river flow through the seasonal interplay between the winter Siberian High and summer westerlies [Lydolph, 1977] . Whereas the Siberian High is responsible for the region's cold and dry winters, characterized by extensive ice cover on the lake from October to May (north basin) and January to April (south basin), the summer westerlies deliver approximately 70-90% of annual precipitation to the region [Afanasjev, 1976; Shimaraev et al., 1994] . This seasonality has a corresponding impact on the timing of fluvial inputs to the lake with peak inflow in June, July, and August (JJA) and negligible inputs in January, February, and March. This is particularly noted for the Selenga River, the largest tributary, which has up to 80% of its annual input during JJA [Sorokovikova et al., 2006] .
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Riverine inputs represent the primary source of silicon to the lake (312 mmol m À2 yr À1 ) [Callender and Granina, 1997] . These inputs are low, however, compared to internal cycling within Lake Baikal [Müller et al., 2005] : net sedimentation of silicon in the south basin has been estimated at 1170 mmol m À2 yr À1 while upwelling of deep waters to the surface is 630 mmol m À2 yr À1 [Müller et al., 2005] . These estimations are based on two sites alone in the south and north basins of Lake Baikal.
With limnological and biogeochemical responses to climate change manifesting differently across (and within) the three basins of Lake Baikal (section 1.1), we propose the application of stable silicon isotope geochemistry to quantify spatial trends in DSi availability/demand more fully, with the technique acting as a tracer of biological demand by diatoms. This will enable both seasonal (spring and autumn) and long-term export estimations at a greater spatial resolution than was available before. Such examples are crucial for the later application of palaeolimnological approaches to compare with these contemporary estimates and therefore assess water column and biogeochemical responses to climate and human pressures in Lake Baikal. 1.2.2. Deepwater Nutrient Renewal Lake Baikal's water column has a maximum depth of~1642 m [Troitskaya et al., 2014] and can be perceived as having two differing water masses. In surface waters down to the mesothermal maximum (MTM) (200-300 m water depth) convective mixing [Shimaraev et al., 1994] and wind forced convection [Troitskaya et al., 2014] generate overturning in spring and autumn and so influence mixed layer (namely, surface) nutrient supply. Below this, waters in the lake are permanently stratified [Ravens et al., 2000; Shimaraev et al., 1994; Shimaraev and Granin, 1991] , although the supply of DSi to surface waters is dominated by convective mixing from depths below the MTM [Shimaraev and Domysheva, 2004] .
Possible mechanisms for deepwater nutrient renewal include thermobaric instability on thermal bar regions (e.g., littoral regions) [Shimaraev et al., 1993 [Shimaraev et al., , 1994 Killworth et al., 1996; Wüest et al., 2005] and salinity differences either in the water column or arising from river inflows to the lake [Hohmann et al., 1997; Kipfer and Peeters, 2000] . In either case, pelagic upwelling in Lake Baikal may last for up to 35 days, with a focus on the north eastern part of the South Basin, close to the Selenga Delta (Figure 1) , and in the interval after summer stratification when the zonal depth of water movement increases from 80-100 m to 400-600 m [Shimaraev et al., 2012] . The importance of this process in supplying nutrients to the mixed layer originates from water profiles showing higher DSi concentrations with depth, reflecting the remineralization/dissolution of amorphous silica as it sinks through the water column [Weiss et al., 1991; Killworth et al., 1996; Falkner et al., 1997; Shimaraev and Domysheva, 2004] . For example, south basin data from 1994 to 2001 show higher DSi concentrations at 300-1400 m than surface waters [Weiss et al., 1991; Killworth et al., 1996; Shimaraev and Domysheva, 2004; Shimaraev et al., 2012] with remineralization estimated to recharge surface waters by up to 630 mmol m À2 yr À1 [Müller et al., 2005] . This work helps to elucidate the inherent complexity of DSi cycling in Lake Baikal, which has been raised in previous studies [Müller et al., 2005] , by using silicon isotope geochemistry to provide a more robust spatial and temporal interpretation of DSi utilization and deepwater export across the lake. This is due to the ability of δ
30
Si DSi approaches to act as a tracer of diatom utilization in Lake Baikal, permitting a more robust estimation of south, central, and north basin spring and autumn bloom DSi utilization. The application of this method is also further acknowledged as comparison with data presented here permits the ability to later apply palaeolimnological (δ 30 Si diatom ) approaches (as validated by Panizzo et al. [2016] ) to quantify impacts on biogeochemical cycling as a response to climate change and nutrient loading in Lake Baikal.
Methods
Sample Locations
The data in this manuscript primarily originate from four expeditions to Lake Baikal and the surrounding region (Table 1) . Samples were stored in 4 L acid-washed high-density polyethylene bottles ready for their return to the laboratory.
Further summer waters from the mixed layer (mixed layer water depth: x = 6.66 m, 1σ = ±4.79 m) of Lake Baikal were collected at a depth of 1 m in August 2013 with sampling across all three basins of the lake including sites close to the inflow of the Khara-Murin and Snezhnaya Rivers and sites~1.8 km offshore of the Selenga Delta (Table 2 and Figure 1 ). Only surface water data are provided in Table 2 as these samples capture the mean mixed layer across the lake. These samples were complemented by an expedition to the south basin of the lake in February-March 2013 when (1) fluvial inflows and precipitation to the lake are minimal [Afanasjev, 1976; Seal and Shanks, 1998 ] and (2) there is minimal photosynthetic activity/diatom biomineralization, the latter of which was confirmed by no/negligible chlorophyll a in waters down to 200 m depth [Panizzo et al., 2016] . Averages of the profile data are therefore provided for the purpose of this manuscript (Table 2) , where we assume the absence of biological uptake and surface water mixing (collection below ice). Lake water δ
30
Si DSi values were collected at three sites in the south basin (BAIK13-1, BAIK13-4, and BAIK13-5; Figure 1 and Table 2 ), also sampled in August 2013, using a 2 L Van Dorn sampler at depths from 1 to 180 m. Samples were collected from BAIK13-1 on two occasions 9 days apart (BAIK13-1a and BAIK13-1b) to assess short-term temporal variations in δ 30 Si DSi . In addition, one lake surface snow sample and one lake ice sample were collected from BAIK13-1 (Table 2) .
River Samples
In August 2013 samples were collected from the wider drainage basin around Lake Baikal at the time of peak river flow [Afanasjev, 1976; Seal and Shanks, 1998 ] ( Figure 1 and Table 3 ). This involved sampling rivers that supply up to 92% of the total annual riverine inflow to the lake [Seal and Shanks, 1998 ], including the Selenga, Upper Angara, Barguzin, Snezhnaya, Mishika, Khara-Murin, and Solzan Rivers, using a modified bottle sampler attached to a rope in order to sample as close as possible to the central region of the river channel. Of the sampled rivers, the Upper Angara flows into the north basin, the Barguzin River into the central basin, and the remainder into the south basin of the lake. To account for seasonal variability in 
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river flow a sample was also collected below ice in the Selenga River in spring 2014 (Table 3) . Samples in August 2013 were also collected from (1) the Selenga Delta (n = 8), a large wetland of 540 km 2 [Fefelov, 2001] through which the Selenga River drains before entering the lake ( Figure 1 and Table 3 ), and (2) the Angara River (n = 2) outflow (Table 3) . Si assuming a theoretical terrestrial mass-dependent equilibrium fractionation slope between the two isotopes:
As this prevents us from detecting any analytically induced mass-dependent fractionation processes between Si isotopes through a δ
30
Si versus δ 29 Si graph, we checked such bias daily (for independent analytical sessions) by using Mg versus Si isotope ratios on every National Bureau of Standards 28 bracketing standard. Based on this standard-sample bracketing technique, a few results with an unstable fractionation line were discarded (less than 10% of the whole data set) in addition to those samples that generally reflected unsteadiness in Global Biogeochemical Cycles
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either the plasma or the dissolution system. A reproducibility test that included molybdate coprecipitation and isotopic analyses of 10 individual aliquots from a single seawater sample gave a standard deviation on the δ 29 Si of 0.07‰ (2σ) . Through the application of equation (1) Samples were purified by passing a known volume (between 1 and 2.5 mL depending on silicon concentration) through a 1.8 mL cationic resin bed (BioRad AG50W-X12) [Georg et al., 2006b ] and eluted with 3 mL of Milli Q water in order to obtain an optimal silicon concentration of between 3 and 10 ppm. Where samples (namely, March 2013 lake samples) were less than <1.5 ppm DSi, a preconcentration step was carried out, which is fully detailed in Panizzo et al. [2016] . Isotope analyses were made on a ThermoFisher Scientific Neptune Plus MC-ICP-MS (multicollector-inductively coupled plasma-mass spectrometer), in wet-plasma mode at the BGS. In order to overcome any analytical bias due to differing matrices, samples and reference materials were acidified by using HCl (to a concentration of 0.05 M, using Romil UPA) and sulphuric acid (to a concentration of 0.003 M, using Romil UPA). This was done following Hughes et al. [2011b] , the principle being that doping samples and standards alike, above and beyond the natural abundance of Cl À and SO 4 2À , will evoke a similar mass bias response in each. Finally, all samples and standards were doped with~300 ppb magnesium (Mg, Alfa Aesar SpectraPure) ( 24 Mg/ 25 Mg = 0.126633) to correct the data for the effects of instrument induced mass bias [Cardinal et al., 2003; Hughes et al., 2011b; Oelze et al., 2016] . Full details on machine instrumentation, sampling preparation, and blank procedures are provided in the supporting information S1 and additionally in Panizzo et al. [2016] .
All uncertainties are reported at 2σ absolute and incorporate an excess variance derived from the diatomite validation material, which was quadratically added to the analytical uncertainty of each measurement. Please refer to supporting information S1 for further information on uncertainty calculations. Long-term (~2 years) variance for the method is as follows: diatomite = +1.23‰ ± 0.16‰ (2 SD, n = 210) (consensus value of +1.26‰ ± 0.2‰, 2 SD ) and RMR4 = +0.88‰ ± 0.20‰ (2 SD, n = 42). (Table 2) . Re-sampling at site BAIK13-1 9 days after the original sampling revealed no change in δ 30 Si DSi (BAIK13-1a and BAIK13-1b; Table 2 ). Table 2 ). In contrast, minimal riverine influence is detected in waters~20 m from the inflow of the smaller Khara-Murin and Snezhnaya Rivers with values instead similar to other lake waters (DSi = 0.92 ppm, 0.81 ppm; δ 30 Si DSi = +1.95‰ and +2.16‰) (B13_8_2 and B13_8_4; Figure 1 and Table 2 ).
River/Catchment Samples
Summer samples from the Angara River, the only outflow from Lake Baikal, contain <1 ppm of DSi and are similar to summer 2003 and 2013 lake water values reported in sections 3.1.2 and 3.1.3 (Table 3) . Summer DSi concentrations of all inflowing rivers are between 2.55 and 6.30 ppm (Table 3) including the Upper Angara River (2.68 ppm), Barguzin River (3.30 ppm), and the southern basin tributaries: Solzan (3.09 ppm), Khara-Murin (3.67 ppm), and the Snezhnaya (3.36 ppm) Rivers (Table 3) . Concentrations in the Selenga River (4.48-4.85 ppm, x = 4.60 ppm, n = 8) and Selenga Delta (4.51-6.30 ppm, x = 4.95 ppm, n = 8) are consistently~1 ppm more concentrated than other river inflows (Table 3 and Figure 1 ). Along the course of the Selenga River and Selenga Delta there is no clear variation in DSi, apart from one higher value near the village of Korsakovo of 6.30 ppm. An under-ice Selenga River value of 5.52 ppm from March 2014 is also higher than the mean summer 2013 average DSi concentration along the river (4.60 ppm).
From an isotope perspective, the Angara River outflow, sampled during summer months, has a relatively high value of approximately +2.58‰ that is similar to summer lake waters. In contrast, the δ 30 Si DSi signatures of all inflows range from +0.90‰ to +1.77‰ (Table 3 and Figure 1 ). Mean calculations were derived to summarize spatial variability in the tributaries where n > 1 (Table 3) . Values for the Selenga, Barguzin, and Upper Angara Rivers are +1.47‰ ± 0.06 (2 SD, n = 8), +1.22‰ ± 0.35 (2 SD, n = 4), and +1.03‰ ± 0.06 (2 SD, n = 4), respectively. The assortment of other inflows sampled along the southern shore of Lake Baikal (Solzan, KharaMurin, Snezhnaya, and Mishika Rivers, n = 7) are generally lower and within uncertainty of each other (+0.90‰ to +1.04‰) ( Table 3) . As with DSi concentrations, the δ 30 Si DSi compositions at Korsakovo are slightly higher (+1.77‰) than the remaining values for the Selenga River, including downstream sites (Selenga River mean = +1.47‰, 0.21 SD, n = 7). The δ 30 Si DSi signatures of waters in the Selenga Delta (+1.52‰ ± 0.29 2 SD, n = 8) are also similar to those of the Selenga River, as is the single winter δ 30 Si DSi composition collected from the Selenga River (+1.54‰ ± 0.14). reproducibility is estimated at 0.14‰ (see Table 1 ).
Global Biogeochemical Cycles that incorporates fluvial fluxes of dissolved silicon to constrain the silicon cycle in Lake Baikal.
Seasonal Variations in Riverine Flow
Lake Baikal lies within the Yenisei drainage basin, the seventh largest in the world. Despite the different geology (basalt versus dominant granitoids around Lake Baikal) values in this study are similar to those recorded in the Kulingdakan River watershed approximately 500-1000 km north of Lake Baikal, but in the same basin [Pokrovsky et al., 2013] . While the winter sample from the Selenga River is similar to summer Selenga River values, suggesting no seasonal variation in river δ 30 Si DSi (+1.54‰ ± 0.14 (winter); +1.48‰ ± 0.04 (summer)), an up to +1.5‰ decrease in δ 30 Si DSi was documented in the Kulingdakan watershed during spring ice melt [Pokrovsky et al., 2013] and for the wider Yenisey drainage basin during permafrost melting (up to +1.75 and +2‰ heavier) [Mavromatis et al., 2016] . Seasonal decreases have also been observed in rivers in northern Sweden [Engström et al., 2010] . In both cases the decreases have been partially attributed to an increase in suspended load and in particular the dissolution of plant derived silicon which seasonally dominates the solid phase of silicon in surface soils, both of which act as pools enriched in the lighter 28
Si [Engström et al., 2010; Pokrovsky et al., 2013; Mavromatis et al., 2016] . The lack of seasonal variation in the Selenga River could reflect the absence of seasonal biotic and abotic processes affecting δ 30 Si DSi signatures, potentially related to the larger size of the Selenga River, which may buffer any seasonal signal. In either case with (1) the Selenga River providing 62% of all riverine inflow to the lake and (2) the summer inflow of all rivers providing >75% of all riverine inputs to the lake, we suggest that our summer river δ 30 Si DSi data are representative of annual riverine inputs to Lake Baikal and so can be used to model lake water dynamics below in section 4.2.
Spatial Variations in the Selenga River
DSi concentrations for all Lake Baikal inflows range between 2.55 and 6.30 ppm (Table 3 and Figure 3a) . These values lie comfortably within the range of other global river systems as well as rivers at these latitudes (Figures 3a and 3b ) [Frings et al., 2016] . With the main aim of this manuscript to model Lake Baikal Global Biogeochemical Cycles
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contemporary DSi cycling, a more in-depth discussion on the river inflow isotopic geochemistry is not provided here. However, an illustration of the data as an attempt to assess the degree of DSi removal via secondary mineral clay formation and/or biological uptake is provided for illustrative purposes in supporting information S2.
The Selenga River was sampled the most comprehensively out of the total seven rivers sampled in this study. The Selenga River reach (from waters close to the Mongolian border (Ust-Kyakhta) through to and including the Selenga Delta) contains some of the region's largest industrial centers along its banks. Of note are its higher DSi concentrations and δ 30 Si DSi signatures (Table 3 ; and lower f Si ; supporting information S2), relative to other Lake Baikal inflows (Figure 1 and Si DSi compositions from sites located before and after the confluences of major lateral tributaries of the Selenga River at Novoselenginsk (Chikoi River), downstream of Dede-Sutoy (Khilok River) and in Ulan-Ude (River Uda), show no variation outside of analytical uncertainty to the Selenga River as a whole (Figure 1 and Table 3 ). This is in contrast to previous work highlighting that the mixing of waters from catchments, with differences in vegetation cover and land use, can alter δ 30 Si DSi at the subbasin level [Delvaux et al., 2013] . The lack of variation in δ 30 Si DSi signatures is also notable given evidence of significant anthropogenic alteration in the landscape along the Selenga River, including industrial centers located close to the riverbanks at Ulan-Ude, Gusinoozersk, and Selenginsk, as well as mining activity and agriculture along the rivercourse [Potemkina and Potemkin, 2015; Sorokovikova et al., 2015] . Indeed, landscape cultivation can lead to significant changes in soil and so water δ
30
Si DSi , although this can be dependent on the time frame over which land has been cultivated [Vandevenne et al., 2015] . In summary, while sampling of the Selenga River in Mongolia is required to confirm this, results from the Russian sector of the river suggest that anthropogenic influences on the Selenga River is, from a δ 30 Si DSi and DSi perspective, either (i) minimal, (ii) masked by the dilution with natural waters/silicon in the catchment, or (iii) undetectable due to anthropogenic sources of silicon having the same isotopic signature as Selenga River waters.
Cycling in the Selenga Delta
Wetland grasses/reeds, including Phragmites, which is found throughout the Selenga Delta, are considered to be silicon accumulators [Struyf et al., 2009] . As such, rapid biogenic uptake by these organisms would be expected to have a significant impact on DSi concentrations and δ
30
Si DSi compositions in the Selenga Delta due to plant discrimination against 30 Si. Indeed, previous work has demonstrated significant changes in DSi and δ
Si DSi in wetlands due to biogenic uptake and phytolith formation [e.g., Cockerton et al., 2013] . Except for samples from Korsakovo, discussed below, little variation in δ
Si DSi or DSi is observed across the Selenga Delta with values similar to the Selenga River (delta: x = +1.47‰, 0.21 2 SD; river: +1.52‰, 0.29 2 SD, respectively) ( Table 3) . Dissolution of phytoliths from wetland vegetation can be extensive reaching up to 90% within 1 year after plants die [Struyf et al., 2007] . While a lower pH can decrease phytoliths dissolution rate [Fraysse et al., 2006] , this issue is not relevant in the Selenga Delta where river water pH is~8. Consequently, rapid recycling of phytoliths in the Selenga Delta may be replenishing the DSi pool and therefore maintaining δ
Si DSi signatures, between the river and delta region, at the same value. This balance, between uptake and dissolution, may be further reinforced by the restriction of significant biological uptake during the ice free period (March-October) [Sorokovikova et al., 2006] , compared to other deltaic regions around the world (e.g., the Nile) where seasonality and warmer temperatures permit increased productivity over the course of a year. This would lead to a net sink of silicon in these regions that is not balanced out by subsequent dissolution and release of silicon into the water column. The exception to this pattern in the Selenga Delta occurs at Korsakovo where DSi concentrations and δ
Si DSi signatures are higher than average (6.30 ppm, +1.77‰; Table 3 ). This was a heavily cattle-grazed site with waterlogged, grass-vegetated, riverbanks. It is possible that localized factors including the relative balance between weathering, nutrient uptake, and the impacts of grazing (e.g., waste and trampling of vegetation) may be altered sufficiently here to generate the observed change.
Si(OH) 4 Utilization/Export in Lake Baikal
Based on low (<0.05 ppm; Table 2 ) DSi concentrations in snow and ice, we assume negligible inputs of DSi to the lake from precipitation. Instead, nutrient inputs to the mixed layer in Lake Baikal are assumed to primarily derive from riverine inflow and upwelling from bottom waters, although we acknowledge that we have no Global Biogeochemical Cycles 10.1002/2016GB005518 estimate of groundwater inputs which make up <4.5% of water inflow to the lake [Seal and Shanks, 1998] or the extent to which groundwater inputs may come from confined or unconfined reservoirs. Although lake waters~1.8 km from the Selenga Delta outflow are strongly influenced by the relatively high DSi concentrations/low δ 30 Si DSi signatures of the Selenga River, values at all open water sites away from the shoreline (as well as samples close to the Khara-Murin and Vydrino River inflows) display lower DSi/higher δ 30 Si DSi that are similar to open lake water values. As such, while riverine inputs are likely to be the primary source of silicon to Lake Baikal (312 mmol m À2 yr À1 ) [Müller et al., 2005] , these inputs are quickly diluted by preexisting waters in the lake, the majority of which lie below the MTM, with the export of 2700 mmol m À2 yr À1 into the deep waters of the south basin [Müller et al., 2005] . With annual outflow of DSi through the Angara River (of 74 mmol m À2 yr
À1
) and a silicon residence time of between 100 and 170 years [Falkner et al., 1997; Shimaraev and Domysheva, 2004; Müller et al., 2005] (Table 1 and Figure 2 ) compositions, has been heavily impacted by in-lake biogeochemical cycling including (i) biomineralization, (ii) recycling/dissolution during sinking, and (iii) the export of silicon out of the system as organisms become incorporated into the sediment record. Accordingly, by comparing deepwater δ (Table 1 and Figure 2) (section 3.1.2). Within the context of examining long-term changes in silicon cycling in Lake Baikal, δ
30
Si deep can be expressed as a function of the δ 30 Si DSi signature of riverine inputs entering the lake prior to biomineralization (δ 30 Si river ), the fractionation factor (ε) between organisms and DSi, and the fraction of residual DSi that is not utilized during biomineralization (f):
Diatoms dominate primary production in Lake Baikal, especially during spring and autumn overturn when deep waters replenish the mixed layer (surface) with waters enriched in DSi. While picoplankton also represent a significant proportion of primary productivity in Lake Baikal no work has suggested that they accumulate significant levels of silicon, although evidence of this has been observed in marine picocyanobacteria [Baines et al., 2012] . During the uptake of silicic acid, diatoms discriminate against the [Sutton et al., 2013] . Sediment traps from Lake Baikal suggest an ε of À1.61‰, which is applied in this study and used to obtain the results discussed below in order to look at spatial trends across the lake [Panizzo et al., 2016] . For clarity, since the ε estimate of À1.61‰ for Lake Baikal is poorly constrained, involving assumptions about the mixing of deep and surface waters in spring [Panizzo et al., 2016] , we also present the results when using ε = À1.1‰ in Table 4 . Using an ε of À1.1‰ alters the magnitude but does not change the spatial patterns of DSi utilization across the lake, which we are interested in this instance.
To calculate δ 30 Si river a weighted mass balance model of the fluvial input of silicon to the lake was conducted taking into account the relative annual discharge of each river flowing into the lake and their respective summer (August 2013) DSi concentrations and δ
Si DSi compositions. The use of summer-only data is justified by the lack of seasonal variation in the Selenga River (section 4.1.1) and the high proportion (>75%) of river inflow to the lake that occurs in the warmer months from May to September [Afanasjev, 1976] . Three further assumptions are made here. First, with sampled rivers accounting for 92% of the annual river inflow to Lake Baikal, we assume that the remaining 8% of inflows had a similar profile to the other rivers ( Si river value of +1.39‰ is strongly influenced by the Selenga River which contributes 62% of all riverine inflow to the lake, enters at the divide between the south and central basins, and has a higher isotopic composition (+1.47‰) and DSi (4.60 ppm) concentration than the other rivers (Table 3) . Accordingly, the δ 30 Si river value of +1.39‰ may overestimate the true composition of riverine inflow to the north basin, although we assume that the impact of this over the long residence time of silicon in the lake (approximately 100-170 years) is low due to the mixing of waters between basins. Support for this can be found in δ 18 O studies on Lake Baikal waters which show remarkably consistent values across the three basins despite considerable variation in the δ 18 O composition of precipitation and river waters flowing into the lake [Seal and Shanks, 1998 ].
Since the 1950s between 75 and 80% of DSi entering Lake Baikal has remained either in the lake and/or been exported into the sediment record, with the remainder being exported via the Angara River outflow [Votintzev et al., 1965; Tarasova and Mescheryakova, 1992; Callender and Granina, 1997] . Using an open Global Biogeochemical Cycles
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system model (equation (2)), our isotope measurements extended these studies by suggesting that over the last approximately 100-170 years 24% (north basin) and 20% (south basin) of all DSi entering Lake Baikal are exported into the sediment record (Table 4 ). The residual DSi (north basin = 76%, south basin = 80%) is either exported via the Angara River or retained in the water column where biogeochemical cycling transfers silicon into the deep waters where it is released during diatom dissolution. The latter is confirmed by the lower δ 30 Si DSi composition of deep, relative to surface, waters (Figure 2 ) and by a two box model in which only 54% (north basin) and 64% (south basin) of biogenic silica exported from the epilimnion are incorporated into the sediment record [Müller et al., 2005] , values not dissimilar to a global average DSi retention rate in lakes of 64% [Frings et al., 2014b] . Of note here is the similarity between rates of DSi export between the north and south basins, in agreement with Müller et al. [2005] , who also observed no significant difference in silicon fluxes between the two basins. These results are of importance in the light of Müller et al. [2005] , who were unable to fully balance south basin modeled DSi fluxes (e.g., hypolimnion concentrations were too low), which the authors attributed to be a response to a "Melosira" diatom bloom event. Here we are able to show support to the previous estimations and more importantly, we provide enhanced spatial representation of DSi utilization across all three main basins at Lake Baikal (Table 4 ; section 4.2.2). This application is further supported by the novel estimation of Lake Baikal diatom fractionation factors, which are applied here to obtain more accurate estimates of DSi utilization [Panizzo et al., 2016] .
Spring DSi Utilization
With an open system model, mixed layer δ 30 Si DSi from Lake Baikal (δ
30
Si mixed ) can be used to assess the magnitude of seasonal DSi utilization in Lake Baikal and by assuming that the primary source of DSi to the mixed layer at open water sites is deep water (δ 30 Si deep ) rather than riverine inputs which, as discussed above, are quickly diluted/mixed with preexisting waters in the lake: [Falkner et al., 1997; Shimaraev and Domysheva, 2004] . The first assumption does not account for the mixing of upwelled deep water with preexisting winter surface waters, the relative proportions of which remain unconstrained due to the complexity of mixing in the lake [Shimaraev et al., 2012] . Peak fluxes of diatoms, however, occur in May [Panizzo et al., 2016] when overturning would have likely caused the mixed layer to be dominated by upwelled deep waters, justifying the use of δ 30 Si deep in equation (3). Using a weighted deep and winter surface water value in equation
Si mixed would have altered the estimated magnitude of DSi utilization, but not spatial patterns across the lake, which this manuscript focuses on.
Annual diatom blooms peak in the spring months and δ
Si mixed data from July 2003 indicate that 27% and 36% of available DSi were utilized in the north and south basins, respectively, during the spring 2003 season (Table 4 ). The δ 30 Si mixed data from August 2013, however, show considerable variability in rates of DSi utilization across the lake during the 2013 spring bloom (x= 44%, 1 SD = 23‰, range = 91% to À2%) (Table 4 ). In the south basin, the rates of DSi utilization range from 29 to 91% (x = 52%, 1 SD = 21‰), in the central basin including Maloe More from 38 to 70% (x = 50%, 1 SD = 17‰), while in the north basin values are noticeably lower ranging from 51% to À2% (x = 32%, 1 SD = 17‰ central and south basins despite concern over anthropogenic impacts (e.g., nutrient loading and pollution) upon phytoplankton communities in this sector of the lake [Timoshkin et al., 2016] . However, the lower rates of utilization in the north basin relative to the central and south basins for both the 2003 and 2013 spring blooms contradict the previously mentioned evidence of similar silicon fluxes between the two basins. There is no overriding feature to explain the significant spatial variability across the lake, and without information for other years it is not possible to examine the extent to which recent warming and reductions in ice cover are affecting changes in DSi utilization. However, long-term reductions in lake DSi have been documented throughout the water column from 1993 to 2001 Domysheva, 2002, 2004] with reduced development of phytoplankton in the north basin relative to the central and south basins [Popovskaya et al., 2015] . Further controls of nutrient availability upon diatom biomass have been highlighted by Jewson et al. [2008] , where phosphate availability in the north basin remained above the induction threshold (23 μg L À1 P-PO 4 ) needed to promote successful Aulacoseira skvortzowii resting stage formation, thereby reducing cell regeneration and their subsequent concentrations (e.g., in 1998, 1999, and 2003 ) when compared to the south and central basins. Another notable difference between 2003 and 2013 is the occurrence of a "Melosira event," a phenomena occurring every 3-4 years in which populations of the diatom Aulacoseira baicalensis increase by up to 100-fold. Unlike 2003, 2013 was a Melosira year although the bloom of A. baicalensis occurred much later than usual and extended into July/August. While much remains unknown about the causes [Katz et al., 2015] and spatial variability of these events across the lake, a Melosira event could explain the large spatial variations in DSi utilization for the spring 2013 bloom. For example, data in Popovskaya et al. [2015] show that Melosira events coincide with significant biomass increases in the south and central basins, which would account for the exceptionally high rates of DSi utilization at sites BAIK13-12 (70% utilization) and BAIK13-1 (78% utilization) in 2013, whereas biomass changes in the north basin are generally much smaller in a Melosira event year (as per the estimated DSi utilization: BAIK13-16, etc; Table 4 ). The long-term effects of these A. baicalensis blooms upon Si availability have been highlighted by Jewson and Granin [2015] , where following high diatom abundance years (e.g., in the year 1997) [Shimaraev and Domysheva, 2004; Jewson et al., 2010] a net loss of up to 17% of total DSi is exported from the surface system (as sinking diatoms) and is not replaced by autumn overturn ahead of the following spring bloom (namely, switching to a DSi limited system the following year).
Autumn DSi Utilization
Similar to the spring bloom, δ 30 Si mixed data from February/March 2013 prior to the onset of the spring overturning/diatom bloom can be used to assess DSi usage in the preceding autumn bloom (i.e., autumn 2012 A.D.). This assumes that no mixing of surface and deepwater masses has occurred over the winter months following the end of the autumn bloom. With sampling conducted from the ice, we calculate δ 30 Si mixed at each site as the average δ 30 Si DSi composition for waters between the surface and 180 m depth (Table 2) as, during periods of ice cover, the upper layers of the water column reach a MTM at approximately 150-250 m [Shimaraev et al., 1994] and no biological productivity was occurring in the lake at the time of sampling. South basin winter (February/March 2013) δ 30 Si mixed from sites BAIK13-1, BAIK13-4, and BAIK13-5 indicate that in the 2012 autumn bloom 36%, 32%, and 37% of available DSi were utilized, respectively (Table 4 ). The lower rates of autumn 2012 DSi utilization, relative to the spring 2013 bloom, reflect the reduced levels of diatom productivity associated with the autumn bloom, which are typically 2 to 8 times lower but up to 100 times lower in some years [Popovskaya, 2000; Popovskaya et al., 2015] with the similarity of these autumn estimates in sharp contrast to the more variable values for the spring 2013 bloom. While values at BAIK13-4 are lower than at BAIK13-1 and BAIK13-5, replicate sampling at BAIK13-1 9 days apart confirms the robustness of the results with DSi utilization rates of 37% and 36%, respectively (BAIK13-1a and BAIK13-1b; Table 4 ).
Conclusions
This study represents the first use of δ 30 Si in Lake Baikal to provide insights into both the long-term export of DSi into the sediment record and seasonal variations in mixed layer DSi utilization following the onset of spring and autumn overturning. Over the last century around a quarter of all DSi entering the lake has ultimately been exported into the sediment record by diatom blooms in the lake. However, δ
30
Si mixed data from 2003 and 2013 show that this long-term trend is superimposed by a significant degree of temporal and spatial variabilities, highlighting the complexity of this lake system.
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Questions remain about the extent to which both local and distal anthropogenic pressures may be influencing wider biogeochemical cycling in Lake Baikal. The relative homogeneity of δ 30 Si DSi along Lake Baikal's largest inflow, the Selenga River, may suggest that any anthropogenic alteration in the catchment is having minimal impacts on the silicon isotopic signature and DSi concentrations in the river. Similarly, the lack of change through the Selenga Delta also suggests that the uptake and recycling of silicon by vegetation/phytoliths are in balance. Further work using δ
30
Si analyses on diatoms preserved in sediments from the lake are now required to investigate temporal changes in DSi utilization over the last 2000 years in order to fully constrain and trace natural versus human impacts on biogeochemical cycling in the lake.
This research emphasizes the temporal and spatial variabilities in DSi export in Lake Baikal and highlights the importance to fully constrain continental Si cycling [e.g., Frings et al., 2016] in such large-scale drainage basins, as a means to estimates DSi fluxes to the oceanic biogeochemical pump. This is of even greater importance for large river catchments, such as Lake Baikal, which are increasingly demonstrating alterations to lacustrine biogeochemical cycling as a response to anthropogenic nutrient loading and climate change. Such implications of a move away from a steady state interpretation for the continental Si cycle over recent decades has already been highlighted [Frings et al., 2014b] , which can have significant impacts upon the oceanic Si cycle.
